[1] The spatial variability of ionic concentrations in snowpack at the Glacier Lakes Ecosystem Experimental Site (GLEES) in Wyoming's Rocky Mountains during the 1988-1990 water years was examined using a variety of statistical analyses. Snow chemical concentrations were quite variable over small increments of time and space; however, the extensive sampling at GLEES allowed concentration patterns in the basin to be detected. Only Ca 2+ and H + had significantly different average values in pits from different parts of GLEES. These differences plus further geological and multivariate analyses indicated a separate eolian source for those ions. Concentration patterns resembled reports from other continental sites and were distinct from the Sierra Nevada of California, which has marine-dominated snow chemistry. All major ions, except Ca 2+ and NH 4 + , showed significant concentration differences in snow strata with different morphologies. Lower concentrations of H + and NO 3 À were observed in more highly metamorphosed snow, and lower concentrations of NO 3 À were observed in shallow pits as compared to deeper pits at the same location, indicating that HNO 3 was released from the pack prior to snowmelt. The large spatial variations in concentrations require 50 or more samples for reasonably narrow confidence intervals for basin-wide values for most means and coefficients of variation. 
Introduction
[2] Spatial variability in snow distribution and temporal variability in the chemical content of snow result in considerable horizontal and vertical differences in chemical loading across a catchment. This variability limits our ability to make accurate catchment-scale mass balances, and thus to detect changes in deposition or watershed processes. Large-scale variation introduces error in calculation of total chemical load in a catchment [Tranter et al., 1987] ; small-scale variation, correspondingly, limits the ability to calculate average chemical concentrations over small areas, such as concentration factors for the ionic pulse in initial snowmelt [Bales et al., 1989] . Chemical concentrations in snowpack, and their variation in time and space, depend on the processes that led to their incorporation in the snow, the source [Suzuki, 1996] and postdepositional transfer and chemical change [Pomeroy and Jones, 1996] . In some cases small-scale variation may be greater than largescale variation [Messer et al., 1982] .
[3] There are few reports on the spatial variability of alpine snow chemical content on the catchment scale. Areas studied include California [Williams and Melack, 1991] , Scotland [Tranter et al., 1987] , and China's Tien Shan region [Williams et al., 1992] . The work done in California's Sierra Nevada revealed little spatial variability, with coefficients of variation (CV, mean divided by standard deviation, expressed as %] from 5 to 20%, at the catchment [Williams and Melack, 1991] or regional scales [Melack et al., 1997] . Williams et al. [1992] found the snowpack in China's Tien Shan to be more heterogeneous, with CVs from 24 to 46%, because of eolian dust affecting the snow chemistry. Comparable data are not available for the Rocky Mountain region. Bales et al. [1990] studied a small area of the Glacier Lakes Ecosystem Experimental Site (GLEES); based on a small number of snow pits, they found little variability in Rocky Mountain snowpack chemistry over a scale of a few meters.
[4] The purpose of the research reported here was (1) to investigate the variability over a wider area of the GLEES catchment in Wyoming, (2) to determine the number of pits in the catchment necessary for determination of total load of each ion in the catchment, with specified error, and (3) to use statistical analyses to identify patterns in the ionic concentrations that reflect the source of the ions and possibly identify the physical and chemical processes involved. Many more snow pits were used to quantify the large-scale variability than in the study by Bales et al. [1990] and a suite of snow boards was included for additional study of small-scale variability. Vertical variability was studied using individual snow pit and snow board data. Large-scale spatial analysis used data from snow pits at four sites in the catchment. Concentrations at these sites were compared to see if meaningful differences existed. Small-scale variability was analyzed using data from paired snow pits at each site and snow boards at one site. Multiyear comparisons were made with the previous GLEES studies. Also investigated was the relation between snow morphology and ionic concentration. Multivariate analysis identified associations among deposited ions, suggesting possible processes and source areas. Finally, the required number of pits sampled to obtain a mean sample concentration having minimal uncertainty was calculated.
Methods

Site Description
[5] The GLEES study area is located at 41°22 0 30 00 N and 106°15 0 30 00 W, 55 km west of Laramie, Wyoming and 15 km northwest of Centennial, Wyoming. These two glacial cirque lakes lie at approximately 3300 m elevation in the Snowy Range within the Medicine Bow National Forest. The East Lake watershed totals 28.7 ha while the West Lake watershed occupies 60.7 ha. The vegetation at GLEES is subalpine conifer forest at the lower elevations, and meadows and krummholz stands at higher elevations. Soils are minimally developed in the area. West Glacier Lake is $125 m west of East Glacier Lake; the two are separated by a low north-south trending ridge. The climate is cool and wet. Snow is a major portion of the annual precipitation at GLEES [Musselman, 1994] .
Sampling Methods
[6] Snow chemical and physical measurements were made over three successive winter and spring periods, [1988] [1989] [1990] , from snow boards and snow pits. Our analysis focuses on those data designed to indicate spatial and temporal patterns in the study area. In 1989, data were collected on 14 different days from up to 9 snow boards, each at about the same location throughout the season and within 50 m of the others; sampling dates spanned water year days (WYDs) 48-188 (17 November 1988 to 16 April 1989 . The boards were at the snow lysimeter site (SL), previously described by Bales et al. [1990] . In 1990, twenty-seven snow pits were dug at four locations over the period WYD 108 -230 (16 January to 20 May 1990) . In the East Glacier Lake watershed, snow pits were located at the East Lake (EL) and SL sites; in the West Glacier Lake watershed, snow pits were located at the NADP (NA) and Meadow Creek (MC) sites. These locations were 200-700 m apart (see Figure 1) . Most pits were part of the thirteen pairs of pits that were dug on the same day through the entire snowpack. Each pair consisted of ''deep'' and ''shallow'' pits, dug completely through the snow, to sample the range of snow depths at each locale. Every layer had its morphology recorded according to the classification scheme of Sommerfeld and LaChapelle [1970] , and its thickness and density measured. Layers were sampled using Plexiglas tools and samples analyzed by ion chromatography as described by Bales et al. [1990] . A smaller number of snow pits were dug in 1988 and 1989, and were limited to the SL site.
Statistical Methods
[7] Variability of ionic concentrations in snow is most often expressed as sample CV, which is a relative measure used for comparing snow pits. One sample was taken from each snow layer. Volume weighted statistics were used, i.e., sample statistics calculated by weighting the concentration of each sample by the water equivalent of the layer from which the sample was obtained.
[8] In this paper, comparisons are often made between the mean and median of a sample. When a distribution is symmetric, they are the same. If the mean is greater than the median, the sample is positively skewed, suggesting that higher values are disproportionately influential, which increases the mean. The reverse is also true; unusually low values will decrease the mean below the median, creating a negative skew [Haan, 1977] .
[9] Both parametric and nonparametric methods were used to check for patterns in the spatial variability and detect significant differences in concentrations. The parametric methods used here, mainly for comparing means, assume normally distributed data and often assume equal variances as well. Nonparametric methods make no such assumptions; they were mainly used for comparing medians. When the assumptions of the parametric tests are met, they are superior. Otherwise, nonparametric methods are the better tests.
[10] To evaluate differences among locations within the catchment, the volume-weighted mean values for every pit were grouped together by location. When the normality and equal variance requirements were met parametric methods were used: ANOVA followed by Tukey-Kramer for multiple comparisons [Helsel and Hirsch, 1992] . When these requirements were not met, nonparametric methods were used: Kruskal-Wallis followed by Campbell and Skillings for multiple comparisons [Helsel and Hirsch, 1992] . All statistical testing was conducted using a p = 0.05 level of significance: differences are only termed significant when there is less than a 5% probability that they were caused by random noise, such as measurement error. The same techniques were used for snow morphology comparisons.
[11] The relation of snow pit depth and chemical content were evaluated using the volume-weighted mean concentrations from the 1990 snow pit data to compare deep and shallow pits. When the parametric assumptions were satisfied the paired t test was used, and, when they were not, the rank sum test [Conover, 1980] was used.
[12] In this paper, concentrations are considered equal if statistically they were not significantly different. For the sake of brevity, the many intermediate statistical results were omitted; they are available from Rohrbough [1998] . Confidence limits for the ratio of the true mean concentration to the sample mean are easily approximated in terms of the sample CV. For the lognormal distribution, a second order expansion of Cox's direct method [Land, 1972] gives good nonsymmetric approximate limits for CV values less than 0.8:
[13] Confidence intervals for the CV of lognormally distributed variables are [Koopmans et al., 1964; Johnson et al., 1994] : 
Upper Limit ¼ exp
where a/2 and 1 À a/2 are the bounds of the confidence interval, n is the sample size, and ln X is the mean of the natural log transformations of the random variable X. Since the summation term inside the brackets of equations (2) and (3) is n À 1 times the variance of the transformed variables, for lognormal variables the term (n À 1)ln(CV 2 + 1) may be substituted for the summation in determining confidence limits, where CV is the CV of the untransformed variables.
[14] Minimum sample sizes can be found implicitly for both types of confidence limits using either equation (1) or equations (2) and (3), as appropriate.
Results
[15] For all years, Tables 1 and 2 [Tranter et al., 1987; Bales et al., 1989] . The cumulative volume-weighted means for the 1989 snow boards over the entire season had similar values.
Vertical Variability
[16] Ion concentrations in individual snow pits vary vertically, often with large changes between layers. The density, stratigraphy, and concentration diagrams from 1988 in the work of Bales et al. [1990] show considerable variability but no temporal pattern, and is typical of the three years of observations. The volume-weighted mean, which gives average pit concentration, and the volumeweighted CV for each pit are shown in (40% versus 41%, respectively).
[18] In the 1990 snow pits, Ca 2+ and H + had higher centralized mean vertical CV values (67% and 77%, respectively) than the other ions, which ranged from 27% to 44%. Similarly, their median CVs (47% and 57%, respectively) were among the highest (the median vertical CV for Cl À was also 47%). Other ions had median vertical CVs ranging from 26% to 34%. The mean vertical CVs for Ca 2+ and H + were considerably higher than the medians, suggesting that the means were influenced by some unusually high values and indicating that processes affecting concentration in snowfall varied over the season.
[19] The same type of statistical analysis was done with the 1989 snow board data, shown in Table 3 , where snow on the boards since previous sampling was treated analogously to the snow layers in the pits. Centralized values for the boards are at the bottom of Table 3 . Overall, the statistics for the 1989 pits and board concentrations were close; however, the board CVs were generally a little higher.
Spatial Variability
[20] The large-and small-scale spatial variability investigation used the 1990 snow pits and the 1989 snow boards, the only years with enough data for a spatial analysis. Snow pit analysis was based on the seasonal mean concentration for each ion, obtained from the last pair of pits at each site dug prior to melt. Snow board analysis was similarly based on the seasonal means for each ion on each of the seven boards. All snow boards were sampled before melt. Large-scale spatial means and CVs, representing the whole catchment for the season, were obtained from the mean concentration at each of these pit sites; small-scale values come from seasonal means for each board (Table 4) . [21] The 61% CV of K + for the 1990 snow pits was the highest. Most of the other ions had horizontal CVs ranging from 37% to 49%. Sulfate, NO 3 À , and EC (electrical conductivity) were all close to 10%. Except for Ca 2+ , CVs were lower for the more abundant ions.
[22] The spatial means from the snow pits were similar to the snow board means. The greater CVs from the pits, spread over the 10-ha study area, compared to the CVs from the boards, which were in a 0.1-ha area, suggest the dominant processes affecting these ions occur at both large and small scales.
[23] Eight snow boards, situated within 50 m of each other, sampled on three different days in February 1989 showed a wide range of variability. On February 14, the CVs of concentrations on these snow boards ranged from 30% to 63%. Eight days later, for the new snow accumulated on the boards, CVs ranged from 9% to 85%. On February 28, the CVs ranged from 32% to 63%. For these three accumulations average CVs for all ions were 37%, 41%, and 44%, respectively. These values are higher than the seasonal volumeweighted means and CVs shown in Table 4 .
Differences Due to Location
[24] The considerable variation shown by spatial CVs pose the possibility of concentration differences at the different pit locations. Volume-weighted-mean snow pit concentrations collected throughout the catchment during the 1990 season represent point values for the four sampling sites. Statistical tests showed that the H + concentration at the East Lake site was significantly greater ( p < 0.05) than at the SL and MC sites (7.7 meq L À1 versus 3.8 meq L À1 and 3.7 meq L À1 , respectively). The median Ca 2+ concentration was higher ( p < 0.05) at the SL site than the EL site (13.0 versus 7.5 meq L À1 .) These differences suggested a pattern in the spatial variability of snow chemistry at GLEES. For all other ions, the appropriate tests indicated no significant differences in concentrations over the snow season at different locations in the basin.
Seasonal Comparisons Between Deep and Shallow Pits
[25] There was only one significant difference in concentrations over the 1990 field season between the matched pairs of deep and shallow pits. Both parametric and nonparametric tests found there to be a significantly higher NO 3 À concentrations in the deep pits ( p < 0.05). The deep and shallow pits have mean nitrate concentrations of 10.3 meq L À1 and 9.0 meq L
À1
, respectively (Table 5 ). The difference is small, but is greater than analytic imprecision. The deep and shallow pits had similar standard deviations and CVs. The deep pits had a higher median, and more negative skew. When the snow types were compared between the deep and shallow pits, only type II (equitemperature metamorphism) and type IV (firn) snows (as classified by Sommerfeld and LaChapelle [1970] ) had significantly higher concentrations in the deep snow pits (Table 6 ). The difference between the deep and shallow pits was due to the presence of type II snow. After the type II snow layers were removed and the volume-weighted mean NO 3 À values recalculated, neither parametric ( p = 0.607) nor nonparametric ( p = 0.234) tests found a significant difference between the deep and shallow pits.
Interannual Comparisons
[26] The volume-weighted mean values for the individual snow pits were grouped by year and compared statistically. The results for SO 4 2À , Na + , and K + indicated equal medians for the volume-weighted mean concentrations for all years. The NH 4 + testing also suggested equal median concentrations for 1989 and 1990. For NO 3 À the median was greater in 1989 than in 1990 (11.9 meq L À1 , n = 9 versus 9.7 meq L À1 , n = 27). The 1990 median NO 3 À in turn was higher than the 1988 median (7.8 meq L
À1
, n = 7). Equal medians were rejected for the Cl À data as a whole, but there were no statistically significant pair-wise differences found by the follow-up multiple comparison tests. Median values in 1990 for both Ca 2+ and Mg 2+ (11.0 meq L À1 , n = 27, and 3.0 meq L À1 , n = 22) and were greater than the medians for 1988 (7.1 meq L À1 , n = 5; and 1.8 meq L À1 , n = 5; respectively) and 1989 (7.9 meq L À1 , n = 9; and 2.0 meq L À1 , n = 9; respectively), which had equal median values. The medians for EC were equal in 1988 (5.3 ms cm À1 , n = 4) and 1989 (5.7 ms cm À1 , n = 9). Both years were greater than the 1990 median (4.0 ms cm À1 , n = 27). The median for H + was highest in 1989 (8.8 meq L
, n = 9), which was greater than the medians for 1988 (6.5 meq L
, n = 4) and 1990 , n = 27), which were not significantly different from one another. Median snow water equivalent (SWE) was the highest in 1988 (0.9 m, n = 5) greater than both 1989 and 1990 (0.6 m, n = 9 and 0.6 m, n = 27, respectively).
[ 37% versus 19%) . Moreover, the means of the 14 daily horizontal CVs from the 1989 snow boards were greater than the corresponding medians for all measured ions (25% versus 18%, 22% versus 17%, and 57% versus 42%, respectively). As expected, the variability of the cumulative values is less than that of individual daily values. The CVs from the single 1988 sampling were higher than the composite 1989 CVs, but lower than the average of the daily CVs.
[29] The H + mean vertical CV for the 1990 snow pits was 77% while the median CV was 57%. Once again, this suggests that the vertical variability of H + is strongly affected precipitation differences over the accumulation season and postdepositional changes, e.g., redistribution or sublimation.
Comparisons by Snow Morphology
[30] The nitrate concentrations were compared between the deep and shallow pits for each type of snow (Table 5) . Both the t test ( p = 0.001) and rank sum test ( p = 0.002) , except EC, which was measured in mS cm
À1
. CV is given as percent of mean. , except EC, which was measured in mS cm
. CV is given as percent of mean.
SWC 5 -6 found differences in the nitrate concentrations of type II snow layers (see Table 6 ). The t test showed significant ( p = 0.047) differences for the type IV snow layers but the rank sum test ( p = 0.060) did not. No other types of snow had significant differences. No significant differences existed for NH 4 + in type II snow between the deep and shallow pits by the either the parametric ( p = 0.356) or the nonparametric ( p = 0.290) tests.
[31] Analysis for concentration differences according to snow type was continued for all ions using all of the 1990 snow pit layer data. All variables (including density and SWE) except Ca 2+ and NH 4 + showed significant ( p < 0.05) differences amongst the classifications. Type I snow had higher median H + concentrations (7.9 meq L À1 , n = 17) than types II (3.9 meq L
, n = 61), type III (3.3 meq L
, n = 49), type IV (2.5 meq L
, n = 36) and ice (4.0 meq L À1 , n = 4). Median NO 3 À concentrations of type I snow (14.7 meq L À1 , n = 17) were higher than those in type II (9.9 meq L À1 , n = 61) and type III (10.0 meq L À1 , n = 50), which were higher than type IV snow (7.4 meq L À1 , n = 37) and ice (6.3 meq L
, n = 4). Detailed multiple comparison test results are available from Rohrbough [1998] .
Confidence Intervals for CVs and Means
[32] Ionic concentrations showed great horizontal variability among the snow pit locations. Hence sampling is required at several locations to get accurate basin-wide estimates of mean concentrations and coefficients of variation. In addition to the 8 pits that were used in Table 4 , there were 11 pits dug earlier in the accumulation season. Therefore new CVs, means and confidence intervals were calculated using data from all 19 premelt pits for all variables except NH 4 + , which had a significantly different mean in the 11 other earlier pits. To account for this, the confidence intervals for NH 4 + were constructed using only the original eight pits.
[33] The CVs, means, and confidence intervals created from these increased sample sizes appear in Table 7 . The CVs are similar to those shown in , and NH 4 + rejected the normal distribution, but no variables rejected the lognormal distribution. When the NH 4 + population was restricted to the original eight pits, the normal distribution was rejected ( p = 0.05) but the lognormal distribution was accepted. Hence all confidence intervals were calculated assuming the lognormal distribution. The results in Table 7 suggest there is high level of uncertainty associated with the CVs and means of snow pit data. Even with the larger samples, confidence interval widths were still large.
Multivariate Analysis
[34] The relationships between variables were examined with correlation, principal component, and cluster analysis. For the bivariate relationships, Pearson correlation coefficients were obtained for the 1990 snow pit data ( . Calcium was not significantly correlated with any ion except a strong negative correlation with H + (r = À0.66, p < 0.001). This relationship also exists in the 1989 snow pit data (r = À0.75, p < 0.02).
[35] Correlations between variables in the 1989 snow board data were low. Only four pairs of variables were significantly correlated. Sulfate was correlated with NO 3 À and Na + (as they were in the 1990 snow pits) and with SWE (also as in the 1990 snow pits). Calcium and Mg 2+ were also correlated (unlike in the 1990 snow pits). Principal components did not provide a sharp categorization of the variables.
[36] Ionic concentrations were often quite variable over small spatial scales. Correlations between 1990 deep and shallow pit concentrations at the same locale and time were positive, but low; only K + (r = 0.60, p = 0.03) and EC (r = 0.63, p = 0.03) were significantly different from zero.
[37] For the 1990 snow pit data, the multivariate relationships were first examined with hierarchical cluster analysis [Everitt, 1993] in which the ions are grouped successively (Figure 2 ) based on their correlation. A quantitative view of the multivariate relations is provided by principal component analysis [Jackson, 1991] . Correlation of ionic concentrations with the two orthogonal linear factors explaining the most concentration variation in the 1990 snow pits are shown in a cross plot (Figure 3) after Varimax rotation, a method often used to group pollutants by source [Rachdawong and Christensen, 1997] .
Discussion
[38] Large-scale spatial variability in ionic concentration at GLEES was greater than small-scale variability. Spatial snow board variability was greater on individual days than for the season. Vertical variability was greater for the snow boards than for the snow pits. Frequent snow board sampling captured interstorm differences better than pits, which reflect effects of blowing snow and other chemical and physical processes.
[39] The EL site was clearly more acidic than the MC and SL sites. The median spatial variability of both Ca 2+ and H + were higher and they were inversely related in the premelt snow pits from 1989 (r = À0.66, p < 0.001) and 1990 (r = À0.75, p < 0.02). In 1990, the year with the largest data set, the mean volume-weighted CVs for Ca 2+ and H + within individual pits were also unusually high, with mean CVs of 67% and 77%, respectively (see Table  2 ). The median CV of Ca 2+ was 47%; for H + it was 57%. The large differences between the means and medians imply the means were affected by some unusually high values. This disparity between mean and median CVs for H + and Ca 2+ also appears in the 1989 snow pits. Interestingly, despite the larger area sampled, these differences do not appear in the 1989 snow board data, suggesting that these disparate CVs are affected by processes not occurring during snowfall. Moreover, the unusually high measures of both vertical and horizontal variability suggest these species were influenced by processes that were not uniform in time and space. Wind is one such process. There is a considerable variation in wind velocity in the GLEES catchment [Woolridge et al., 1996] making spatial variation in dust deposition likely.
[40] Eolian calcite dust was found in the alpine areas in the Green Lakes Valley of the Colorado Front Range [Litaor, 1987] ; however, evidence is scarce at GLEES. Rochette et al. [1988] analyzed 180 grains collected on aerosol filters about 7 km southwest of GLEES. Of the 180 grains analyzed by scanning electron microscopy/ X-ray spectrometry, none were calcite or gypsum. In studying eolian transport at GLEES, Finley [1992] failed to find either calcite or dolomite; however, the samples were exposed to water for extended periods and very fine calcite particles could have completely dissolved. Clow and Ingersoll [1994] did find calcium carbonate particulate matter in the snowpack at GLEES using special techniques to prevent the dissolution of calcite particles in melting snow. Finley and Drever [1997] studied weathering at GLEES through a mass balance approach and suggested either epidote or calcite as a source for excess calcium in the watershed. Aluminosilicates like epidote weather more Only the eight pits used in Table 4 slowly than calcite [Mast and Drever, 1990] . Thus calcite would be the obvious component that would increase calcium while decreasing acidity.
[41] The cluster plots, Figure 2 , and principal component analysis, Figure 3, Williams et al. [1996b] revealed that annual NO 3 À loading increased during the study period not only at GLEES but also at the northeastern Colorado study areas, Loch Vale and Niwot Ridge. ) and the greater area covered by the 1990 field sampling. The spatial CVs of the 1990 snow pit data were higher than the CVs for the 1989 snow board data for most chemical species (see Table 4 ). Nitrate and SO 4 2À , which would not be altered by eolian calcite dust, did not have higher CVs.
[44] Williams and Melack [1991] and Williams et al. [1992] reported spatial coefficients of variation from snow pits for many chemical species (see Table 9 ) in the Sierra Nevada and the Tien Shan in China. Considering the number of pits and their spatial distribution, the most comparable data from GLEES is the 1990 snow pit data. Compared with the Tien Shan statistics, the CVs at GLEES were similar except for NO 3 À and SO 4 2À , which were lower, and for Ca 2+ and Mg 2+ , which were higher. Eolian transport of calcite explains Ca 2+ and H + values. Magnesium frequently substitutes for Ca 2+ creating dolomite, possibly explaining its higher CV at GLEES. The high coefficients of variation for Ca 2+ , Mg 2+ , and H + at GLEES suggest a similarity to the Tien Shan [Williams et al., 1992] , an area where eolian calcite dust has a strong influence on snowpack chemistry. Their ANOVA analysis showed ''the various ions tend to cluster into two groups'', with Na [45] Ionic concentrations and CVs in the Sierra Nevada found by Williams and Melack [1991] in general were lower or comparable with those at GLEES with the exception of the CV for NO 3 À , which was higher. In the Sierra Nevada, there is a high correlation of NH 4 + with the sum of NO 3 À and SO 4 2À (r 2 = 0.82); this relationship is attributed to anthropogenic sources. At GLEES, however, the corresponding correlation (r 2 = 0.012) is much lower. The Na + /Cl À ratio in the Sierra Nevada is half that of GLEES, reflecting the continental location of GLEES.
[46] The paired-pit and the snow morphology analyses show postdepositional loss of HNO 3 from the snowpack. Concentrations were lower in the shallow pits than in the deep pits overall and by snow type, although the difference is not statistically significant for snow types except for types II and IV (see Table 7 ). Nitrate concentration also dropped during snow metamorphism. Hogan et al. [1985] observed an apparent loss of nitrate in a snowpack over the course of a season. Mulvaney et al. [1998] observed gains and losses of NO 3 2À in fresh Antarctic snow, which is colder and denser than GLEES snow. Cragin and McGilvary [1995] did not find such losses in a controlled experiment. Preston et al. [1990] and Williams et al. [1996c] found no direct evidence of snowpack transformations of nitrate. Further, microbes appear to exert no influence on the disposition of nitrogen in the snowpack [Brooks et al., 1993; Williams et al., 1996c] so, this process must not be mediated by them. Unpublished data (R. Sommerfeld and K. Laird, personal communication) suggest volatilization of HNO 3 occurs due to the equilibra- tion of the saturated vapor pressure of HNO 3 in the film of metamorphosing snow with the atmosphere's partial pressure of HNO 3, with rate of diffusion partially a function of the amount of coverage. Thus, as the grain area decreases from equal temperature metamorphism, the amount of coverage should increase, increasing the diffusion rate. When the saturated vapor pressure of HNO 3 is greater than the atmosphere it should diffuse upward. HNO 3 levels are low during the winter (R. Sommerfeld and K. Laird, personal communication) and because of this, there tends to be a diffusive loss of HNO 3 to the atmosphere. This could explain the reduction in nitrate and hydrogen ion concentrations through snow metamorphism. Hanot and Domine [1999] also described this process for the release of trace gases through the decreasing surface area of snow grains. Physical limits may exist on how far these gases can diffuse. Such limitations would help explain the decrease in variability with depth for NO 3 À . Deeper levels may have been covered more quickly and deeply, preventing rapid upward diffusive loss of NO 3 À from occurring. Such a physical limitation could explain the considerably higher CV of NO 3 À concentrations in type I snow (52% and 40%, for shallow and deep pit samples, respectively) than in the metamorphosed deeper layers. Additionally, such a restriction on diffusion would explain the higher NO 3 À concentrations for every snow type in the deeper pits, and the pits as a whole.
[47] The NO 3 À concentrations in the type IV snow were lower in the shallow pits than the deep pits. Type IV snow is melting snow. The obvious difference between the deep and shallow pits during melt is the proportionately greater energy input per volume snow to the shallow pits. Thus it seems likely that the shallow pits are more affected by the preferential elution of ions into meltwater.
[48] The spatial CVs shown in Table 7 are quite large. As a result large samples are required to obtain reasonable confidence intervals for most ions. Only SO 4 2À , NO 3 À , and EC need sample sizes below 11 to narrow a 95% confidence interval to a 20% width for CV, or narrow the 95% confidence interval for the mean to 20% of the mean value. Calcium and H + , two variables of great interest, require 55 to 117 samples. Assuming the lognormal distribution, if the CV is less than 80%, for a 95% confidence interval with a 30% width the minimum sample size necessary can be roughly approximated as n = [100 Â CV)], where n is the minimum sample size and CV is expressed as a decimal. The corresponding approximation for a 50% width is n = [50 Â CV].
[49] The Rocky Mountain region is the subject of ongoing research in alpine geochemical modeling [Meixner et al., 2000] , hydrochemical responses to climatic change [Williams et al., 1996a] and increased nitrogen loading [Williams et al., 1996b, Williams and Tonnesson, 2000] . Obviously, under appreciation of the spatial variability of snow chemistry could lead to errors in such work.
Conclusions
[50] Generally, this Rocky Mountain snow, like the snow from Tien Shan, had higher concentrations and variabilities than Sierra Nevada snow. Examining CVs of the 1988 -1990 snow pits, we found that the temporal (vertical) and spatial (horizontal) variations were higher for Ca 2+ and H + than the other major ions. The mean vertical CVs of Ca 2+ and H + were higher than the median vertical CVs indicating that these ions were strongly influenced by processes that are not constant in time, such as eolian transport of calcite. Moreover, the horizontal CVs of Ca 2+ and H + were higher than the other major ions, which can also be explained by wind-driven deposition of calcite.
[51] Comparisons of the various 1990 snow pit locations throughout the catchment suggested that there were no statistically significant differences in ionic concentrations except for Ca 2+ and H + , which had a weak inverse relationship with one another. Again, these findings are consistent with the eolian calcite transport hypothesis.
[52] The calculations for the confidence intervals of the CVs suggested that there were large uncertainties associated with the snow pit and snow board data. Assuming that ionic concentrations in snow follow a lognormal distribution, confidence intervals for CVs as small as 20% require 5 to 133 samples, with more samples needed for the higher CVs. Similarly, the narrowing the confidence interval for the mean values to 20% of the mean value requires 5 to 206 samples at GLEES.
[53] The evaluation of the effects of snow depth and snow morphology suggest that the type II snow has lower concentrations of NO 3 À in the shallow pits while H + has higher concentrations in type I (unmetamorphosed) snow than in type II snow. These differences could be due to diffusion of HNO 3 À upward out of the snowpack, which is limited by overlying snow creating the higher NO 3 À concentrations in the deeper snow pits.
[54] The associations generated by the multivariate analyses suggest that Ca 2+ and H + are inversely related to each other, consistent with eolian calcite. The principal component analysis indicated that Ca 2+ , Mg
2+
, NH 4 + , and H + form a group at GLEES, suggesting a separate, possibly desert, source for these ions.
[55] Because SO 4 2À and Cl À concentrations were consistent from year to year while NO 3 À varied, the interannual comparisons suggest that changes in the nitrate loading were the cause of the interannual variations in H + loading.
[56] The 1988 -1990 snow pits had higher mean than median values for vertical H + CVs suggesting that H + loading in the snow pits was affected by a process not constant in time. The comparable mean and median values in the 1989 snow boards were approximately equal indicating that this process must only be significant at larger scales and does not occur during snowfall. Again, this is consistent with an eolian deposition of calcite.
[57] At GLEES, snow pit concentrations showed spatial variability at every conceivable scale. Yet for the basin as a whole, variability at a location exceeded variability between locations for most ions leading to the conclusions that there was no significant difference between in mean concentrations between sampling locations in the basin except for those ions associated with the calcite eolian dust. For some ions in GLEES a very large sample size would be needed to obtain estimates of the mean basin concentration with acceptably small confidence limits. Small sample sizes could lead to errors in estimated concentration that would propagate in snowmelt model calculations.
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